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ABSTRACT 
Papillary muscles of rat  and  dog hearts were fixed in such  a  way as  to  prevent excessive 
shortening during the procedure. The material was embedded in either araldite or methac- 
rylatc  and  was  stained  in  various  ways.  The  filamentous  fine  structure  of mammalian 
cardiac  muscle  is  similar  to  that  previously  described for  striated  skeletal  muscle.  The 
sarcomeres are composed of a  set of thick and thin filaments which interdigitate in the A 
band proper. The filament ratios and the filamentous array are in accord with those found 
in  skeletal  muscle.  The  functional  significance of  this  twofold  array  of filaments  is  not 
entirely clear. Various other structural aspects of cardiac cells such as surface membranes, 
mitochondria, nuclei, and cytoplasmic granules are described. The sarcoplasmic reticulum 
is  discussed in  detail  as  are  the  various  structural  components forming the  intercalated 
discs.  Fairly  frequent  deep  invaginations  of  the  sarcolemma  with  basement  membrane 
are observed in  addition to  the intercalated discs. These surface membrane invaginations 
probably explain the branching appearance of cardiac fibers as seen under the light micro- 
scope. 
INTRODUCTION 
Previous publications of many  investigators have 
dealt  with  specific facets  of the  ultrastructurc  of 
cardiac muscle; however, no comprehensive assess- 
ment of the ultrastructural  details of mammalian 
cardiac  muscle  has  heretofore  been  presented. 
This report provides the results of a  project initi- 
ated to evaluate most of the varied facets of the fine 
structure  of  mammalian  cardiac  muscle,  with 
specific  emphasis  on  the  nature  of  the  myofila- 
ments. 
METHODS  AND  MATERIALS 
The  experimental animals used in  this project were 
rats  and  dogs.  No  specific  strains  or  breeds  were 
selected,  but  an  attempt  was  made  to  use  young 
animals. The papillary muscles of the right or, more 
frequently,  the  left  ventricle  provided the  material 
studied. Papillary muscle was selected so that orienta- 
tion could be facilitated and so that the length could 
be maintained during  the  preliminary fixation. 
Under ether anesthesia, the rat thoracic cage was 
opened and the heart removed in  lolo  by amputation 
at the level of the inflow-outflow tracts.  Usually the 
heart  contracted  several  times  after  its  isolation; 
occasionally  fibrillation  was  noted.  The  ventricles 
were opened with a pair of fine scissors, so as to  avoid 
severance  of the  papillary  muscles  or  the  chordm 
tendineae. The hearts were then pinned to  the larger 
face of a cork in such a way that the papillary muscle 
was slightly stretched  (less than  10  per  cent).  This 
phase  of  the  manipulation  was  performed  as  ex- 
peditiously as possible and the cork  was then floated, 
tissue side down, on  a  buffered 2  per  cent  osmium 
tetroxide solution at 4°C.  After ~  hour of fixation, 
the  selected  papillary  muscles  were  excised  from 
the remainder of the heart  and  fixed at  4°C.  for  a 
further interval of 2 to 6 hours. 
Some of the rat  hearts were first  extracted in  50 
per cent glycerol at 0°C. for  24 hours and then main- 
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time  of  fixation.  The  procedure  of  fixation  was 
identical  with  that  used  for  the  freshly  fixed  rat 
hearts. 
hnmediately  after  death  induced  by  an  excess  of 
intravenous  pentothal,  the  dog  heart  was  removed 
in loto from the thorax and the ventricles were opened 
so  as  to  avoid  injury  to  the  papillary  muscles.  The 
selected  muscles  were  put  under  moderate  tension 
and  1.5  to  2.0  ml.  of a  tmffered  2  per cent  osmium 
tetroxide  solution  (room temperature)  were injected 
beneath the endocardium via a  Luer lock syringe and 
a  No.  26  needle.  Tension  upon  the  muscles  was 
maintained  for  20  minutes,  after  which  the  muscles 
were bisected  and segments, approximately  1.0  ram. 
in diameter and 5 to  10 ram.  in length were resected 
from  the  areas  showing  the  effects  of  the  injected 
fixative.  These  partially  lixed  segments  of  muscle 
were  further  fixed  in  buffered  2  per  cent  osmium 
tetroxide solution at 4°C. for a  4  hour period. 
After fxation, the rat and dog cardiac muscles were 
processed  in  a  similar  fashion.  Dehydration  was 
accomplished by changes at },~ hour intervals through 
5(1,  70,  90,  and  95  per  cent  acetone  solutions.  The 
muscle segments were then  placed in absolute acetone 
for  1 hour.  A  final  dehydration of 1 hour's duration 
was  accomplished  with  absolute  acetone,  which 
contained 1 per cent phosphotungstic acid. The entire 
dehydration  procedure  was  carried  out  at  room 
temperature. 
The embedding medium was generally an araldite 
mixture.  The  infiltration  mixture  had  the  following 
proportions: 5 ml. resin, 5 nil.  hardener,  and 0.2  nil. 
dibutyl  phthalate.  The  embedding  mixture  was 
identical,  lint  also contained  0.35  ml.  of accelerator. 
After  dehydration  the  muscle  segments  were  trans- 
ferred  to  a  drop  of the  infiltrating  mixture  and  cut 
into  segments  less  than  0.5  mm.  in  diameter  and 
approximately  2  mm.  in  length.  It  was  important 
to  keep  the  tissue  adequately  covered  with  the  in- 
filtrating  mixture during this  process.  The  long  axis 
of the tissue was made to parallel the long axis of the 
papillary  muscle  for  orientation  purposes.  The  se- 
Explanation  of  Figures 
General: The illustrations show rat cardiac muscle, with the exception of Figs.  19 and 
20,  which represent dog cardiac muscle. Most of the electron micrographs demonstrate 
aratdite-emhcdded  material;  however,  Figs.  17,  18,  21,  and  22  show methacrylate- 
embedded  tissue.  Only  Fig.  27  is  taken  f'om glycerol-extracted  cardiac  muscle.  All 
of the tissue was stained with phosphotungstic acid  during the  final stage of dehydra- 
tion.  In  addition,  sections stained  with  uranyl  nitrate  arc  illustrated  in  Figs.  3  to  (i 
and  l0  to  12;  sections stained  with  potassium permanganate are  shown in  Figs.  13, 
15,  19,  20,  and 26 to 30. 
Abbreviations 
Z  =  Z  line 
I  =  I  band 
A  =  A  band 
H  =  H  disc 
Mit  =  mitochondria 
IV =  intermediary vesicle 
FIGURE 1 
Electron  micrograph  delineating  the  general  cytologic  features  of  cardiac  muscle, 
Near the top, contiguous myocardial cells are limited by the sarcolemma, which shows 
numerous pinocytotic  vesicles  on  its  inner  aspect  and  an  investing  basement  mem- 
brane  on  its  outer  aspect.  Large  mitochondria  with  numerous cristae  and  without 
specific  relationship  to  individual  sarcomeres  are  noted.  Tubular  and  vesicular  seg- 
ments of the  sarcoplasmic reticulum  are  interspersed  between  the  myofibrils.  An  in- 
termediary vesicle is seen near the center of the micrograph. Cytoplasmic granules are 
evident, particularly in the lower portion of the picture. The myofibrils, in longitudinal 
section, demonstrate the Z  line and I  and A  bands.  X  43,000. 
FIGURE 
Similar to Fig.  1. The sarcolemma is at the left of the electron micrograph. Anastomos- 
ing  channels  of the  sarcoplasmic reticulum  are  shown toward  the  right  side  of the 
picture.  Alternations of one thick  and  one thin myofilament are seen in the  A  bands 
of sarcomeres near the center of the picture.  X  39,000. 
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containing  1.5 to  2.0  ml.  of the infiltrating  mixture. 
These bottles  were  put in  a  desiccator  at  room tem- 
perature  for  18  hours.  The  muscle  segments  were 
then transferred to the embedding mixture in gelatin 
capsules and were so oriented as to permit subsequent 
sectioning  in  longitudinal  and  transverse  axes.  The 
embedding  medium  was  hardened  at  50°C.  for 
7  to  10 days. 
In addition, a few rat heart muscles were embedded 
in nlethacrylate according to conventional techniques. 
The  blocks  obtained  by  the  described  procedures 
were  generally  suitable  for  thin  sectioning  with  a 
Porter-Blum  microtome  and  a  diamond  knife.  Thin 
sections could also be obtained with freshly prepared 
glass  knives.  The  grids  used  for  the  sections  were 
covered with  a  lightly carbon-coated formvar film. 
The  sections  were  examined  either  in  an  RCA 
EMU-3B  or,  in  latter  phases  of  this  study,  in  a 
Siemens  Elmiskop  I  electron  microscope.  Contrast 
was not always entirely adequate at higher magnitica- 
tions  with  the  preparatory  techniques  described. 
Therefore,  some  sections  were  fi~rther  stained  with 
potassium  permanganate  according  to  a  procedure 
slightly modified  from  that  described  by  Lawn  (1). 
Staining  of  the  sections  with  lead  hydroxide  or  1 
per cent phosphotungstic acid did not seem to provide 
as  striking  an  increase  in  contrast  as  was  achieved 
with the potassium permanganate.  In addition,  some 
sections  were  stained  with  a  saturated  solution  of 
uranyl  nitrate.  Such  sections  revealed  an  over-all 
increase in background density (Figs. 4 to 6,  10 to 12), 
but the stain  did  succeed in  delineating certain  fea- 
tures  of  the  sarcoplasmic  reticulum  and  the  inter- 
calated  disc. 
OBSERVATIONS 
With the exception of the intercalated  disc, the rat 
and  dog  cardiac  muscles show structural  features 
strikingly similar to  those previously described  for 
skeletal  muscle.  Capillaries  are  frequently  en- 
countered  between  myocardial  fibers  but  present 
no  unusual  features.  Fibroblasts  are  occasionally 
found and collagen is sparse. Nerves and motor end 
plates  are  not found  in  this material. 
FIG[TRE 3 
Field showing relationship of sareoplasmic reticulum to sarcolemma. The sarcolemma 
extends  the  length  of the  picture  on  the  left.  The  close  relationship  of tubular  and 
vesicular segments of the sarcoplasmic reticulum to  the surface membrane  is  seen  in 
many  areas.  Contact  between  these two  membranous systems is noted  at  the  Z  line 
level of adjacent sarcomeres (indicated by arrows).  )<  35,000. 
FIGURE 4 
Field  showing  relationship  of  sarcoplasmic  reticulum  to  perinuclear  nlembrancs. 
The  nuclens occupies  the  left  portion  of the  micrograph.  A  pore  in  the  perinuclear 
membranes is  indicated  by  an  arrow.  Tubular  and  vesicular  segments of the  sarco- 
plasmic  reticulum closely  approximate  the perinuclear membranes at  several  points. 
In  the right  portion  of the picture  an  intermediary  vesicle and  eanalicular  segments 
of the sarcoplasmic reticulum are shown in close apposition to mitochondria.  X  42,000. 
FIGURE 5 
Field demonstrating anastomosing channels of the sarcoplasmic reticulum. Anastomos- 
ing channels of the sarcoplasmic retieulum reveal a  transverse component at the level 
of the junction between the A  and I  bands in the center of the figure.  The density of 
the  material  within  these  channels  appears  greater  than  that  of  the  surrounding 
cytoplasm.  X  42,000. 
FIGURE 6 
Similar to Fig.  5. The transverse components of the sarcoplasmic reticulum arc evident 
over a  large portion of the lower sarcomere. At the middle of the picture, there appears 
to be continuity of the sarcoplasmic reticular system across the level of the Z  line  (ar- 
row).  The  density of the  material  within  the channels is  approximately  the  same  as 
that of tile surrounding cytoplasm.  X  42,000. 
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The  surface  membrane  or  sarcolemma  appears, 
under  favorable  conditions,  as  a  double-layered 
structure  usually  with  numerous  pinocytotic 
vesicles (Figs.  1,  2).  Segments of the sarcoplasmic 
reticulum  frequently  come into  close  relationship 
with  the  surface  membrane  and  rarely  there  ap- 
pears to be contact between the membranes of the 
sarcoplasmic  reticulum and  the  sarcolemma  (Fig. 
3).  The  sarcolemma  is  invested  on  its  external 
aspect  by  a  basement  membrane  layer  of fairly 
uniform width  (Figs.  1, 2). The intercellular space 
between contiguous cells is quite variable in width. 
Nuclei 
Nuclei are frequently observed toward  the middle 
of myocardial  cells,  but  they  are  occasionally lo- 
cated  near  the  sarcolemma.  The  nuclei  have  no 
unusual  characteristics  and  nuclear  pores  are  ob- 
served (Fig. 4, arrow).  In some areas intimate rela- 
tionship between the outer perinuclear  membrane 
and  the membranes of the sarcoplasmic reticulum 
is  demonstrated,  although  no  clear  communica- 
tion between these  membranous  systems has  been 
observed in this  material.  The  Golgi apparatus  is 
inconspicuous,  where seen. 
M i  toc  hondria 
The  mitochondria  are  numerous  in  mammalian 
cardiac muscle. They consist of irregularly shaped 
structures  interspersed  between the myofibrils and 
often aggregated about the nucleus or beneath the 
sarcolemma.  No specific localization in relation to 
sarcomeres  is observed.  The  mitochondria  appear 
to  vary  greatly  in  size.  They  are  bounded  by  a 
double  membrane  and  contain  numerous  cristae, 
which often show continuity with the inner bound- 
ing membrane (Figs.  10, 28). The cristae are rarely 
disposed in a peculiar spiral or concentric arrange- 
ment  (Fig.  24).  Close apposition of mitochondria, 
myofibrils,  and  the  sareoplasmic  retieulum  is 
found,  but no actual  communication  between  the 
membranous structures has been observed. 
Sarcoplasmic  Reticulum 
The sarcoplasmic reticulum is a  network of intra- 
cellular membrane-limited anastomosing  channels 
(Figs.  2,  5,  6). It more often appears  as a  series of 
closely related tubules or vesicles (Figs.  1, 2, 6, 9). 
The  material  within  the  channels,  tubules,  and 
vesicles occasionally appears  more dense  than  the 
surrounding  cytoplasm  (Figs.  2,  5)  but  often  has 
approximately  the same density  as  the  cytoplasm 
(Figs.  6,  9).  The  sarcoplasmic  reticulum  closely 
embraces the myofibrils. The  anastomosing  chan- 
nels appear  to extend the length of one sarcomere 
generally without further  longitudinal  continuity. 
Very  rarely  the  appearance  suggests  longitudinal 
continuity of the sarcoplasmic reticulum from one 
sarcomere  to  the  next  (Fig.  6).  Transverse  con- 
tinuity  from one  myofibril to  the  adjacent  one  is 
easily demonstrated,  with  the  lateral  connections 
usually occurring  at the level of the  I  band  or  in 
FIGVRE 7 
Electron micrograph illustrating the intermediary vesicles of the sareoplasmic reticular 
system. Intermediary vesicles, generally larger than those described in skeletal muscle, 
are noted  to be single,  and,  when  present,  are usually at the  Z  line level. Although 
generally  devoid of dense  material,  a  few vague densities  can  be  seen  in  the  inter- 
mediary vesicles.  The close relationship  of the terminal segments of the sarcoplasmic 
reticulum fi'om contiguous sarcomeres to the intermediary vesicles is  evident. X  39,000 
FIGURE 
Field  with  an  intermediary  vesicle which  contains  dense  material.  Near  the  center 
of the micrograph is an intermediary vesicle with a central,  ovoid density.  X  50,000. 
FIGURE 9 
Field  with  an  intermediary  vesicle containing  a  subvesicle.  Toward  the  lower  end 
of the picture is an intermediary vesicle with an eccentric tiny subvesicle. The tubular 
segments of the sarcoplasmic reticulum in the upper portion of the micrograph show 
an internal density approximately equal to that of the surrounding cytoplasm. M 42,000. 
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verse  component at  the level of the  H  disc  is oc- 
casionally found. 
At the level of the Z line the sarcoplasmic reticu- 
lar  membranes of adjacent  sareomeres  come  into 
contact, often, but apparently not always,  with  an 
"intermediary  vesicle,"  thus  forming  a  "triad." 
The terminal segments of the sarcoplasmic reticu- 
lum  of the  contiguous  sarcomeres  frequently  sur- 
round part of an intermediary vesicle (Figs.  7,  10). 
The  intermediary  vesicles  of  cardiac  muscle  are 
generally  large,  usually  ovoid  or  rounded,  but 
sometimes  mere  irregular  in  shape.  They  are  al- 
most always single, but very rarely are double. The 
intermediary vesicles are bounded by a  membrane 
and  usually  appear  devoid  of  contents,  but  oc- 
casionally dense bodies of varying size are  present 
within  the vesicles  (Figs.  8,  10).  Infrequently one 
or several subvesicles are observed within the inter- 
mediary vesicles (Fig. 9). 
Inlercalated Disc 
The intercalated discs are modified cell boundaries 
of adjacent myocardial cells (Figs.  11 to  14). These 
modified cell surfaces exhibit three different struc- 
tural forms. The first type consists of two apposed 
cell membranes of the usual density, with an inter- 
posed  intercellular  space  of  variable  width  and 
length.  It  often  undergoes  very  complex  undula- 
tions and may occur in a plane either parallel or at 
right angles to the long axis of the myofibrils. This 
type of interface is further distinguished in areas by 
irregular,  moderately  dense,  intracytoplasmic 
zones  extending  inward  from  the  limiting  mem- 
brane  toward  the  myofibrils.  It  is  at  these  zones 
that the I band filaments terminate at a level where 
the Z  line would  be found, if continuity were  not 
interrupted by the disc. 
The  second  type  consists  of  two  apposed  cell 
membranes  of  considerable  density.  Such  inter- 
faces  are  found  parallel  to  the  long  axis  of  the 
myofibrils and are relatively short and uniform in 
length. The intercellular space in this type is quite 
narrow and constant in width.  No  dense material 
is  found  in  the  cytoplasm  adjacent  to  the  cell 
surface here. 
The third of these structural differentiations con- 
sists of desmosomes irregularly scattered along the 
first type of intercalated disc structure. These con- 
sist  of  small  semicircular  or  arcuate,  markedly 
dense  segments,  lying  apposed  on  the  internal 
aspect  of  the  limiting  membranes  of  the  discs 
(Figs.  13,  14, single arrows). 
The  sarcoplasmic  reticulum  is  often  found  in 
close relationship with the membranes of the inter- 
calated  disc  (Figs.  11  to  14);  however,  no  con- 
tinuity  has  been  defined.  Occasional  structures 
similar  to  the  intermediary  vesicles  of  the  sarco- 
FIGURE l0 
Similar  to  Fig.  7.  The  intermediary vesicles show  close relationship to  the  terminal 
segments  of  the  sarcoplasmic  reticulum  from  adjacent  sarcomeres.  Dense  bodies  of 
different size  are  present in  the intermediary vesicles toward  the top of the picture. 
X  52,000. 
FIGURE 11 
Electron micrograph demonstrating the intercalated disc. Two of the three structural 
variants of the intercalated disc are illustrated. Most of the picture is occupied by the 
interface of the first type with a conventional limiting cell membrane and an interposed 
pale intercellular space of somewhat variable width.  The dense material deposited on 
the cytoplasmic aspect of the limiting membrane extends toward the terminal portions 
of the myofibrils. In the lower half of the picture is the second type of interface,  con- 
sisting of dense  limiting membranes in  close  apposition  with  a  narrow  intercellular 
space of constant width (arrow). This type of interface is oriented parallel to the longi- 
tudinal axis of the myofibrils. Segments of the sarcoplasmic reticulum and structures 
resembling intermediary vesicles are present near the disc.  X  48,000. 
FIGURE 1~ 
Similar to Fig.  I 1.  Arrow points to  second variety of interface seen in the intercalated 
disc.  X  52,000. 
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of the  disc  (Fig.  ll).  Pinocytotic  vesicles  are  not 
prominent along these membranes. The dense ma- 
terial  of the  basement  membrane  does  not  enter 
the  disc  interspace  but  bridges  the  gap  at  the 
origin of the intercalated discs. 
Deep  invaginations  of  unmodified  cell  surface 
membranes  along with  basement  membranes  are 
found  occasionally  in  the  muscle  cells  (Fig.  15). 
This may correspond to the apparent branching of 
myocardial  fibers,  as  seen under  the  light micro- 
scope. 
Myofibrils 
The  myofibrils  are  longitudinally  divided  into 
sarcomeres,  showing  the  usual  bands  of  striated 
muscle. The Z  line is distinguished by its relatively 
marked  density.  The  longitudinal  distance  be- 
tween two adjacent Z  lines defines the limits of the 
sarcomere.  Extending  toward  the  center  of  the 
sarcomere from each Z line is an I  band, composed 
of slender filaments, with a  generally longitudinal 
orientation. The parallel array of I  band filaments 
appears  to  be least  orderly  in  the center of the  I 
band  itself  (perhaps  at  the  N  line)  (Fig.  20). 
Whether this is real or artefact is difficult to deter- 
mine. The central portion of the sarcomere is sub- 
divided into two lateral A  bands with a  central H 
disc, which in turn is bisected by a  central M  line. 
The  I  band  in  our  material  comprises  10  to  35 
per  cent  of  the  sarcomere  length.  Favorable 
sections of cardiac muscle show the A  band proper 
to be composed of alternating thick and thin fila- 
ments  (Fig.  20).  In some areas one thick filament 
alternates with one  thin filament  (Figs.  2,  16,  18, 
19).  In  other  areas  two  thin  filaments  are  inter- 
posed  between the thicker ones  (Figs.  17,  21, 22). 
The H  disc is traversed only by the thick filaments 
in an orderly arrangement. Cross-bridges exist be- 
tween the filaments in  the A  band  (Fig.  19).  The 
thin  filaments  appear  to end at the junction of A 
band  proper  and  H  disc  (Figs.  17  to  19,  21,  22). 
The  H  disc  is  traversed  by  thick  filaments  only 
(Figs.  17 to  19, 21, 22). The M  line in the center of 
the  sarcomere  is  formed  by  a  zone  of segmental 
thickening of the thick filaments (Figs.  19, 20). 
It is perhaps noteworthy that the thin filaments 
sometimes appear to extend across the Z  line (Fig. 
20).  It is further noted  that there  is  an increased 
background density at the level of the Z  line. 
From the longitudinal sections it would  appear 
that  cardiac  muscle,  like  skeletal  muscle,  has  a 
double array of filaments.  The  thin  filaments ap- 
pear to extend from the level of the Z  line through 
the I  band and into the A  band proper.  The thick 
filaments  traverse  the  central  portion  of the  sar- 
eomere,  including both A  bands,  the H  disc,  and 
the  centrally located  M  line.  The  thick filaments 
do  not  traverse  the  I  band.  The  examination  of 
transverse  sections  confirms  this  interpretation. 
The  various  bands  can  be  defined  even  at  low 
magnifications  (Figs.  23  to  25).  Multiple  illustra- 
tions of the A  band in cross-section show a  double 
array  of  filaments,  with  the  thin  filaments  ar- 
FIGURE 13 
Similar to Fig.  11.  In addition  to the first and second types  of structural modification 
of the intercalated  disc,  the third type,  the desmosomes, are illustrated  at the arrows. 
The  desmosomes are  markedly  dense,  small segments which  are  scattered  along  the 
course of the  first type of interface.  Where found, the desmosomes are located  in ap- 
position on the cytoplasmic aspect of the limiting cell  membrane. Sarcomere length is 
not  constant  due  to  variation  in  compression  from  sectioning.  Compare  Fig.  14. 
X  25,000. 
FIGURE 14 
Similar  to  Fig.  ll.  The  three  types  of interface  found  in  the  intercalated  disc  are 
present.  A  desmosome  is  indicated  by  a  single  arrow.  Junction  between  disc  and 
sarcolemma is noted in the right portion of the field (double arrow). The second type of 
disc modification is found at the origin of the disc.  X  50,000. 
FIGURE 15 
Illustration  of  a  deep invagination  of  the  sarcolemma  with  basement  membrane. 
X  25,000. 
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of thick filaments. Therefore six thin filaments sur- 
round one thick filament (Figs.  28 to 30).  A  trans- 
verse section at  the level of the central H  disc  re- 
veals  the  angular  profiles  of  the  thick  filaments 
plus a  suggestive substructure  (Fig.  27).  No  inter- 
digitated  thin  filaments  are  present  at  this  level. 
Sections  through the  I  band  disclose  a  somewhat 
disordered  array  of  thin  filaments,  no  thick  fila- 
ments being present  (Figs.  26,  28).  Sections at the 
level of the Z  line also show a  single array of thin 
filaments with a  more  ordered  arrangement  (Fig. 
23).  The filament ratios per unit area in H  disc, A 
band  proper,  and  I  band  are  1,  3,  and  2  respec- 
tively. These are the expected ratios for sarcomeres 
in which only thick filaments are present in the H 
disc, only thin filaments are present in the I  band, 
and the compound  array of two types of filaments 
are present in the A  band proper. 
Cytoplasm 
The cytoplasm of the myocardial cells consists of a 
slightly dense undifferentiated background,  which 
usually  contains  large  numbers  of  apparently 
randomly  distributed  dense  granules  (Fig.  20). 
These  granules  are  larger  in  the  dog  (approxi- 
mately  200 A)  than they  are  in the rat  (approxi- 
mately  125 A).  They are interpreted as represent- 
ing glycogen.  More sparsely distributed,  consider- 
ably larger, dense bodies are scattered through the 
cytoplasm. These are interpreted as lipid bodies. 
DISCUSSION 
In  general,  our araldite-embedded  tissue  shows 
better  structural  preservation  than  the  metha- 
crylate-embedded  tissue.  The  low  contrast  ob- 
tained with araldite-embedded material, however, 
makes  it  difficult  to  highlight  certain  structures. 
This  is  particularly  true  in  relation  to  the  myo- 
filaments, where it was necessary in some instances 
to  utilize  methacrylate  embedding  in  order  to 
visualize the thin filaments in longitudinal sections. 
The  use  of  araldite-embedded  tissue  frequently 
necessitates certain special  stains to  enhance  con- 
trast.  Staining of the sections with potassium per- 
manganate  is  particularly  effective  with  cardiac 
muscle, although uranyl nitrate is helpful in evalu- 
ating  the  sarcoplasmic  reticulum  and  the  inter- 
calated disc. 
Sarcolemma 
In  this  study  convincing  direct  communications 
between  the  sarcolemma  and  the  sarcoplasmic 
reticulum  are  extremely  uncommon;  however,  in 
many areas close contact between segments of the 
sarcoplasmic reticulum and the surface membranes 
are found. As indicated in the report of Porter and 
Palade  (2),  these  points  of contact  are  usually  at 
the Z  line level and in contracted fibers are associ- 
ated  with  infoldings  of the  sarcolemma  at  the  Z 
line. Their proposal of an anchoring function of the 
sarcoplasmic reticulum (2) seems quite reasonable. 
We  concur  with  the  viewpoint  that  there  is  no 
direct  structural  attachment  of  the  Z  line  sub- 
stance  to  the  surface  membrane.  The  presence of 
numerous pinocytotic vesicles at the surface mem- 
branes suggests a very active exchange between the 
myocardial  cells  and  the  intercellular space.  It  is 
notable that few  pinocytotic  vesicles are  found  at 
the membranes forming the intercalated disc. 
The finding of a basement membrane paralleling 
the surface membranes is not unexpected,  but it is 
of interest that  the  basement membrane  does  not 
extend into the disc  interspace.  At most the base- 
ment membrane forms  a  wedge  between  cells  at 
the origin of an intercalated disc, without any sig- 
nificant  extension  into  its  interspace.  Usually  the 
I~IGURE 16 
Electron micrograph showing a  longitudinal section of the myofibrils. The Z  line and 
A and I bands of the sarcomeres are readily defined. Alternating thick and thin myofila- 
ments with a  1 : 1 ratio can be seen in the A bands in the upper portion of the picture. 
X  48,000. 
FIGURE 17 
Electron micrograph showing a  longitudinal section of a  myofibril. The Z  line, the A 
and I bands, and the H  disc are identified. In general, two thin myofilaments are found 
between two thick myofilaments in the A bands. This l :2 ratio of thick to thin filaments 
is well seen at the arrows.  X  57,000. 
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disc origin. 
Nuclei 
The  myocardial  nuclei  show  an  occasional  pore 
complex of the type so well illustrated by Watson 
(3, 4).  Intimate contact between the sarcoplasmic 
reticulum  and  perinuclear  membranes  is  often 
observed,  but our  observations have not  revealed 
structural continuity between the outer perinuclear 
membrane  and  the  sarcoplasmic  retieulum.  It 
seems  likely  that  further  observations  would 
demonstrate  such  continuity,  since  this  has  been 
noted  by  Moore  and  Ruska  (5)  in  mammalian 
cardiac muscle. 
M itochondria 
The mitochondria of myocardial  cells do  not pro- 
vide  many  distinguishing  features.  One  unusual 
feature,  which  has  been  previously  illustrated  by 
Moore and Ruska (5), is the occasional appearance 
of a  spiral or concentric orientation of the cristae. 
In  mammalian  cardiac muscle,  the mitochondria 
are  numerous  and  contain  numerous  cristae  as 
would  be  expected  in  this  rapidly  metabolizing 
tissue.  We do not find any constant relationship of 
mitochondria  to  individual  myofibrillar  sar- 
comeres, such as has been previously observed  (6). 
Intimate  contact  between  segments  of the  sarco- 
plasmic  reticulum  and  the  mitochondrial  outer 
bounding  membrane  is  quite  common;  however, 
we  were  unable  to  demonstrate  any  convincing 
communication between these membranous struc- 
tures. 
Sarcoplasmic  Reticulum 
The entire system defined by the membranes of the 
sarcoplasmic reticulum in cardiac muscle has been 
admirably illustrated  and  graphically interpreted 
by Porter and Palade  (2). There is little to add, as 
the result of our study. We have commented above 
upon the relationship of the sarcoplasmic reticulum 
to  other  membranous  structures,  viz.,  the  sar- 
colemma,  the  perinuclear  membranes,  and  the 
mitochondria. We  agree  with  Porter  and  Palade 
(2)  that  the  sarcoplasmic  reticulum  invests  the 
myofibrils  as  a  series  of  anastomosing  channels. 
Intermediary  vesicles  may  or  may  not  be  found 
interposed  between terminal segments of contigu- 
ous  sarcoplasmic  reticular  systems.  The  term 
"triads" has been proposed for such structures  (2). 
It  is  interesting  that,  in  our  material,  when  the 
intermediary  vesicles  are  found,  they  are  usually 
at the Z  line level (Figs.  7,  I0). Two possible func- 
tions for the sarcoplasmic reticulum have been sug- 
gested : 
(a)  the diffusion of metabolites involved in con- 
traction and relaxation and 
(b)  intracellular  conduction  via  the  limiting 
membranes of the system. 
The  latter  function  is  strongly  supported  by  the 
experiments of Huxley and Taylor (7). In the light 
of these  proposals,  it  is  noteworthy  that  our  ma- 
terial  occasionally  demonstrates  dense  areas  and 
even tiny subvesicles in  the  intermediary vesicles. 
The  generally  large  size  of  the  intermediary 
FIGURE 18 
Similar to Fig.  16. A  1 : 1 ratio of thick to thin interdigitated myofilaments is illustrated. 
X  90,000. 
FIGURE 19 
Similar to  Fig.  16.  A  1 : 1 ratio of thick to  thin A  band myofilaments is  particularly 
evident in the left lower  portion of the sarcomere illustrated.  The  Z  line,  I  band,  A 
band, H  disc,  and M  line are recognized.  Cross-bridges between filaments are noted. 
X  75,000. 
FIGURE ~0 
Similar to Fig.  16.  The sarcomere to the right of the micrograph shows the Z  line,  I 
band, A band, and H  disc; the M  line is indicated by an arrow. Alternating thick and 
thin  filaments  are  noted.  A  finely granular  interfilamentous material  in  the central 
portion of the sarcomere stops short of the M  thickenings. Cytoplasmic granules thought 
to represent glycogen are present.  X  68,000. 
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study. 
Most  of  the  sarcoplasmic  reticular  system  in 
mammalian  cardiac  muscle  is  ungranulated  in 
type. Only in the immediate vicinity of the nucleus 
are the sarcoptasmic reticular membranes studded 
on the external aspect with fine dark granules, such 
as  Palade  (8)  described  and proposed  as  granules 
containing  ribonucleoprotein.  We  differ  with 
Palade's  suggestion  regarding  the  nature  of  the 
cytoplasmic granules that are not  attached  to  the 
membranes  of  the  sarcoplasmic  reticulum,  and 
tend  to  agree  with  Fawcett  and  Selby  (9),  who 
interpret  the  unattached  cytoplasmic  granules  as 
glycogen.  While our reasons for this viewpoint are 
not elaborated in this presentation, it is noted that 
the  unattached  granules  differ  in  size  in  the  two 
species  examined.  The  unattached  cytoplasmic 
granules are larger in the dog than they are in the 
rat  cardiac  muscle  and thus  differ  in  this  respect 
from  the  particles  identified  as  ribonucleoprotein 
in other locations. 
Intercalated  Disc 
The  intercalated  disc  appears  as  a  cell  boundary 
of a  highly specialized nature. The modification of 
the  disc  into  segments  of  different  appearance 
further distinguishes this specialized structure. The 
structure  of  the  different  segments  of  the  inter- 
calated  disc  generally  corresponds  to  that  de- 
scribed by Sj6strand et al.  (10). The significance of 
the  various  structural  components  of  the  inter- 
calated discs is not clear.  In the second type of disc 
structure described  above, the interspace  between 
the  adjacent  dense  membranes  of the  contiguous 
cells is extremely narrow. Such intimate apposition 
suggests a possible function in conduction from one 
myocardial  cell  to  the  next.  Alternatively,  this 
structure may function as a site of firm attachment 
between  two  contiguous  myocardial  cells,  a  func- 
tion usually ascribed to desmosomes. 
While we have not found any structure entirely 
comparable to the S regions described by Sj6strand 
et al.  (10) in mouse cardiac muscle, structures com- 
parable  to  the  desmosomes  defined  in  the  turtle 
atrium by Fawcett  and  Selby  (9)  are found in ir- 
regular distribution along the course of the discs of 
rat  myocardium.  As  indicated  by  Fawcett  and 
Selby (9) a dense material is deposited on the inner 
aspects of the disc membranes at the sites of termi- 
nation of the myofibrils. We have not resolved this 
material into a filamentous meshwork, the disc net- 
work, described by SjSstrand et al.  (10). The sarco- 
plasmic  reticulum  often  closely  approaches  the 
limiting membranes of the discs and structures re- 
sembling the intermediary vesicles are occasionally 
found near the disc; however, no direct continuity 
of the structures of the sarcoplasmic reticulum with 
the  disc  membranes  has  been  found  in  our  ma- 
terial.  No  structures  appear  to  cross  the  inter- 
calated discs. 
Myofibrils 
The thick and thin filaments of cardiac muscle ap- 
pear to be arranged in a  fashion similar to that de- 
scribed  by  Huxley  (11  13),  Hanson  and  Huxley 
(14)  and  Huxley  and  Hanson  (15)  for  skeletal 
muscle. The thin filaments traverse the I band and 
extend through the A  bands proper for a  variable 
distance  where  they  appear  to  terminate.  The 
thick  filaments,  located  in  the  middle  of the  sar- 
comere, traverse both A bands, the H  disc, and the 
central M  line. It appears that in the A  band thick 
and  thin  filaments  interdigitate.  Transverse  sec- 
tions make it clear  that the  thin filaments are  lo- 
cated at trigonal points in the hexagonal lattice of 
thick filaments. As explained  by  Huxley  (12),  the 
1  : 1 and 1:2 alternations of thick and thin filaments 
in the A  bands proper in longitudinal sections can 
be understood  in terms of this twofold  array.  The 
filament  ratios  in  heart  muscle  of  1:3:2  for  the 
FIGURE  ~l 
Similar to Fig.  17. ]'he presence of both thick and thin filaments in the  A band is well 
shown. The  1:2 ratio of thick to thin filaments is  particularly well  seen at the arrows. 
Thin filaments terminate at the  A-H junction. H  disc is traversed  by  thick filaments 
only.  X  82,000. 
FIGURE ~2~ 
Similar to  Figs.  17  and  21.  Arrows indicate areas  in which the  l :2  ratio of thick to 
thin filaments is well visualized.  X  82,000. 
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Huxley  (13) for skeletal muscle. 
Various  dissenting  views  concerning  the  struc- 
tural  relationships  of  the  filaments  in  striated 
skeletal muscle as revealed by electron microscopy 
have  been  expressed  by  a  number  of  authors 
(16  21).  These  various  objections  have  been 
answered,  in  our  opinion,  by  Huxley  (12)  and 
Huxley  and  Hanson  (15).  The  fact  that  striated 
muscle  from vertebrate heart is  also  composed  of 
two  sets  of  partially  interdigitating  filaments 
further  supports  the  Huxley-Hanson  model.  In  a 
recent  paper  Karrer  (22)  described  a  twofold 
array of filaments in a cardiac type of muscle in the 
media  of various  thoracic  veins.  Huxley  has  also 
indicated similar structure' in cardiac muscle  (23). 
Finally,  ordered  arrays  of two  types  of  filaments 
have  been  observed  in  the  striated  muscle  of in- 
vertebrates (24). Therefore there appears to be no 
doubt that striated muscle of various types is com- 
posed of two sets of partially overlapping filaments. 
On  the  basis  of such  architecture  and  various 
other  studies  (see  15  for  references),  Huxley  and 
Hanson (14, 25) and Huxley and Niedergerke  (26) 
have advanced a  very attractive model for muscle 
contraction. This model or the sliding filament hy- 
pothesis  involves  the  relative  movement  of  thin 
(presumably actin) filaments past the thicker (pre- 
sumably  myosin)  filaments as  the structural  basis 
of muscular contraction. 
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FIGURE ~5 
Electron micrograph showing an oblique section of the myofibrils. The Z  line,  I  band, 
A band, and H  disc are shown. Both thick and thin filaments are present in the A band 
proper.  X  68,000. 
FIGURE ~6 
Field illustrating a  transverse section through the I  band.  The relative disorder of the 
thin I  band filaments is evident. No thick filaments are present in the field.  X  175,000. 
FIGURE ~7 
Field  demonstrating  a  transverse  section  through  the  H  disc.  The  angular  profiles, 
the hexagonal lattice of thick filaments,  and the suggestive substructure  of thick fila- 
ments are noted in this micrograph of the H  disc.  No thin filaments are present at this 
level.  X  165,000. 
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Electron  micrograph  illustrating a  transverse  section  through  the  A  and  I  bands. 
Most of the myofibrils arc cut through the level of the A  band  and  exhibit a  regular 
twofold array of thick and thin filaments as described in the text. The  I  band section 
in the right lower portion of the micrograph shows only thin filaments in a  somewhat 
less orderly array.  It is of interest that the thin filaments seem to be more dense than 
the thick ones with the potassium permanganate stain.  X  87,000. 
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Electron micrograph showing a  transverse section through the A  band.  Thin filaments 
are located at trigonal points in the primary hexagonal lattice of thick filaments. Thus, 
in  many  areas,  six  thin  lilaments can  be  counted  around  a  single  thick  fi|ament. 
X  172,000. 
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Higher magnification of a  portion of Fig.  29.  In many  areas, six thin  filaments can  be 
counted  around  a  single  thick  filament.  The  covering  leaf  (circles)  delineates  areas 
in  which  this  arrangemcnt  is  most  obvious.  Cross-bridges  between  filaments  are  also 
seen.  X  360,000. 
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